Extended Higgs sectors have been studied extensively in context of dark matter phenomenology in tandem with other aspects. In this study, we compute radiative corrections to the dark matter-Higgs portal coupling, which is in fact a common feature of all scalar dark matter models irrespective of the hypercharge of the multiplet from which the dark matter candidate emerges. We select the popular Inert Doublet Model (IDM) as a prototype in order to demonstrate the impact of the next-to-leading order corrections, thereby probing the plausibility of extending the allowed parameter space through quantum effects. This turns out to be true since the loop corrections are sizeable in magnitude even in a scenario where all the inert scalars are decoupled. Given that the tree level portal coupling is a prima facie free parameter, the percentage change from loop effects can be large. This modifies the dark matter phenomenology at a quantitative level. It also encourages one to include loop corrections to all other interactions that are deemed relevant in this context.
electrically neutral particle with no colour quantum number. Amidst the various propositions, the Weakly Interacting Massive Particle (WIMP) stands out as one of the most attractive candidates by attributing to its simplicity and predictability. The observed relic abundance can be explained by the thermal freezeout mechanism of the WIMP, when its mass is around the electroweak scale. An extension of the SM with a WIMP can help us understand better the origin of the electroweak symmetry breaking (EWSB).
The predicted interactions of the WIMP with the SM particles greatly motivate the experimental community to search for this elusive particle at collider experiments, direct dark matter detection experiments at underground laboratories and from indirect detections from cosmological and astrophysical observations. The lightest supersymmetic particle (LSP) has been considered as the most attractive candidate for cold dark matter due to the fact that the supersymmetic (SUSY) theories alleviate most of the aforementioned limitations faced by the SM. Unfortunately however, SUSY models are gradually getting severely constrained because of the lack of any evidence for superpartners. Lack of any conclusive signatures of WIMPs have gradually pushed the celebrated WIMP scenarios to the corner. In the present study we take recourse to one of the simplest models, the inert Higgs doublet model (IDM) [6] which has an inbuilt WIMP candidate.
The IDM is possibly the simplest limit of a general two Higgs doublet model, where the additional doublet consisting of complex scalar fields only couples to the SM Higgs and gauge bosons and not to the fermions.
However, the most interesting aspect of this model is that the additional doublet is odd under a Z 2 symmetry rendering the occurrence of an even number of inert particles at any interaction vertex. It has also been shown that the neutral scalar or pseudoscalar in the additional doublet can be considered as WIMPs and hence as a viable cold dark matter candidate in the universe [7, 8] . In this model, obtaining the correct relic abundance does not require a fine tuning but only requires adjusting its couplings or through co-annihilation with another particle [9] . Several experiments like LUX [10] , SuperCDMS [11] , Fermi-LAT [12, 13] and AMS-02 [14, 15] have tested the dark matter scenario in the context of WIMP searches. These direct dark matter searches have now constrained the mass of the dark matter candidate in the IDM to around half of the mass of the SM Higgs boson (125 GeV) or above ∼ 500 GeV [16] [17] [18] . The resonance mass around ∼ 62 GeV might still not be completely excluded in the future [19] by direct detection experiments like XENON1T [20] and LZ [21] . Outside these ranges, the dark matter candidate can only contribute to a fraction of the total thermal relic density. Because of its simplicity and richness, the IDM has been exhaustively studied in astrophysical and cosmological studies [22] [23] [24] [25] [26] [27] and studies pertaining to collider physics [28] [29] [30] [31] [32] [33] [34] [35] . There have been several studies in the context of the LHC which considers the Drell-Yan production of HA or [36] [37] [38] and then further decays of H → AZ ( * ) , H ± → AW ±( * ) to yield a final state of dileptons or dijets + / E T . Here H and A are the additional neutral scalar and pseudoscalar respectively and H ± is the charged scalar in this doublet. Depending on the HHh coupling, a monojet signature can also be looked for at the LHC by a pair production of these scalars, if H is the dark matter candidate. To give a broad picture, IDM connects the Higgs to dark matter by acting as a portal between the visible and the invisible sector.
The on-shell corrections to hV V, hf f and hhh couplings have recently been obtained in Refs. [39, 40] after considering constraints from perturbative unitarity, vacuum stability and relic abundance. The corrections have been shown to be substantial and can be 100% in the regime of light dark matter masses. These calculations will be of immense importance when the experiments start to bound the cubic and quartic higgs self-couplings. It has been shown in Ref. [41] that the electroweak corrections to the direct detection cross-sections in the IDM can be substantial.
In the present work, we revisit the electroweak correction of the HHh vertex and show its effects on the relic abundance calculation and the direct detection cross-section. We are guided by the principle that in order to ascertain the importance of any model for dark matter searches, one needs to look at the higher order corrections which will lead to a significant shift in the parameter space under the constraints from relic density, direct detection cross-section, oblique corrections and collider limits. IDM is one of the simplest models to test our claim and through this we show the importance of precision measurements in the dark matter sector.
We organise the paper as follows: In section II, we briefly sketch the model and its important aspects.
We outline the constraints coming from perturbativity, vacuum stability etc. in section III. We discuss our renormalisation procedure in section IV but leave all the details in Appendix VII. In section V, we discuss the numerical results and finally we summarise and conclude in section VI.
where λ L/A = (λ 3 + λ 4 ± λ 5 ). The value of λ 1 is determined using m h = 125 GeV.
We choose h to be the SM Higgs with mass ∼ 125 GeV. It is easily seen that H, A, H ± are rendered stable by the Z 2 symmetry. Consequently, H and A are potential candidates for DM. While a detailed account of DM phenomenology of the IDM can be found in [28] [29] [30] [31] [32] [33] [34] [35] , a few statements are still in order.
Relic abundance in the PLANCK ballpark is achieved in the two mass regions (a) 50 m DM 80 and (b) m DM 500 GeV. In region (a), annihilation dominantly proceeds through the exchange of an s-channel h. In this study, H is chosen to be the DM candidate. A crucial observation that emerges is, in region
is highly sensitive to the value of the HHh trilinear coupling (= −λ L v). This motivates one to review the entire phenomenology by incorporating radiative corrections to, if not all parameters, to this important interaction nonetheless. It is expected that the impact of a loop-corrected λ L on relic will be more pronounced in region (a) compared to region (b). In addition, beyond the leading order, the parameters that do not participate in the tree level phenomenology of region (a) (such as λ 2 and masses of the CP-odd and charged scalars), will now have their respective roles in the ensuing quantum effects.
III. CONSTRAINTS.
Our goal is to take a recourse to the DM phenomenology in the IDM after carrying out one-loop corrections to the HHh coupling. In the process, we obey various constraints stemming from both theory and experiments. On the theoretical side, perturbativity, unitarity and vacuum stability can appreciably constrain an extended Higgs sector as in the IDM. |λ i | ≤ 4π (i= 1,5). The 2→2 amplitude matrix corresponding to scattering of the longitudinal components of the gauge bosons can be mapped to a corresponding matrix for the scattering of the goldstone bosons [42] [43] [44] [45] . The theory respects unitarity if the absolute value of each eigenvalue of the aforementioned amplitude matrix does not exceed 8π.
The tree-level potential remains positive definite along various directions in field space if the following conditions are met [40] ,
On the experimental side, the bounds on the oblique parameters are taken into account. The most prominent of these is the constraint on the T parameter which puts restriction on the splitting between the Z 2 odd scalars. We use the NNLO global electroweak fit results obtained by the Gfitter group [46] , ∆S = 0.05 ± 0.11, ∆T = 0.09 ± 0.13 (5) In the absence of any mixing between h and the Z 2 odd scalars, the tree level couplings of h with fermions and gauge bosons remain unaltered with respect to their SM values. However, the IDM still confronts data on Higgs signal strengths through a modified hγγ effective coupling, which now carries the effect of H + in the loop. In other words, ensuring µ γγ to lie within the experimental uncertainties, implies that the analysis respects the latest combined signal strength at 7 + 8 TeV from ATLAS and CMS [47] , viz.,
Lastly, the LEP exclusion limits have been imposed as m A > 100 GeV and m H + > 90 GeV.
IV. OUTLINE OF RENORMALISATION.
In this section, we present an outline of the renormalisation procedure adopted in [40] . The absence of mixing between h and the inert scalars simplifies the machinery to some extent. The IDM scalar sector can be conveniently described using {m h , v, µ 2 , m H , m A , m H + , λ 2 , T h } as independent parameters. Here T h denotes the tadpole parameter for h. The necessary counter-terms are generated by shifting these parameters about their renormalised values.
Note that we do not need to compute the shift in T h in our case. Moreover, wave-function renormalisation is invoked as
where
A more detailed treatment of the renormalisation scheme can be found in [40, 48] . We list here the final results only for brevity.
The quantity of central importance in this study is the renormalised HHh form factor which replaces its tree level counterpart in dark matter calculations. We denote it by Γ ren HHh and decompose it as
Here, p 1 , p 2 and p = p 1 + p 2 refer respectively to the momenta of the two annihilating H and h respectively.
In the right hand side, the first term refers to the tree level form factor. The second and the third respectively denote the unrenormalised 1PI amplitude at the one-loop level; and the corresponding counter-term. It is necessary to express the tree level form factor in terms of the independent parameters in order to generate the corresponding counter-term.
Leading to
Now, we have fixed the counterterms δm 2 H , δZ h and δZ H from Eq. 9. We also know the expression of δv from SM. The only ambiguity in order to fix δΓ HHh is δµ 2 2 . There can be several ways to fix this counter-term. What we choose in the present paper is demand that a physical quantity, here the decay width h → HH does not deviate w.r.t its tree level value upon including one-loop corrections. This implies
Upon considering all these counter-terms, we get an effective correction of the form
The counter-terms for the independent parameters are thus fixed. The quantity directly entering into our analysis is Γ V. NUMERICAL RESULTS.
The quantity directly entering into our analysis is Γ We avoid choosing µ 2 2 < 0 in order to prevent the inert doublet picking up a VEV, alongside obeying the vacuum stability, perturbativity and unitarity constraints described in section III. Since, the DM selfinteraction λ 2 cannot be directly constrained, we choose λ 2 = 2.0 in our scans. We remind that the upper bound on the invisible branching fraction of h remains an important constraint whenever m H < m h /2. Therefore, we require BR(h → inv) < 0.15 which leads to |λ L + Γ ren HHh | < 0.05 for m H = 55 GeV for 1 We assume that this holds even when the decay h → HH is kinematically forbidden. The three point C functions are incalculable when m The benchmarks are illustrative in nature and they do not exhaust the entire parameter space. The inert scalars in the loops mostly generate a positive contribution to λ L for m H < m W . Sometimes a negative correction is also noted due to some one-loop graphs yielding large enough negative contributions by virtue of negative quartic prefactors. Note that these results reflect upon the non-decoupling feature of the m H < 80
GeV region, where all component scalars of the extra doublet cannot be simultaneously heavy. As m A and m H + are increased, the loop correction gets suppressed. This is revealed upon an inspection of Fig. 1 , where
BP1a exhibits a larger radiative correction compared to BP1b. In fact, the loop enhancement to the portal interaction is as large as ∼60 % in case of BP1a. This does not come as a surprise since the tree level magnitude is less in BP1a and BP1b, and the loop effects themselves contribute in the O(0.0001) ballpark, further causing the loop corrected Ωh 2 to drop with respect to the tree level value.
BP2a, BP2b, BP3a, BP3b (see Fig. 1 and Fig. 2 ) reflect the same qualitative pattern. In some benchmarks however (BP2a and BP4a for example), the absolute value of the effective portal strength diminishes owing to a positive Γ This is because the relic mostly comes from co-annihilations and not through h mediated annihilations in this region. However, a cancellation between the tree level and one-loop form factors is expected for a higher value of λ L , that could raise Ωh 2 to the PLANCK 3σ band.
It is seen that the deviations in relic density and direct detection rates w.r.t the tree level increase as one considers higher values of the inert scalar masses, even if the mass-splitting is kept fixed. This is due to the fact that λ 3 , λ 4 , λ 5 grow in magnitude in the process. This feature is easily read from Fig. 5 .
We remind that one should also include one-loop corrections to the co-annihilation processes for a more 
VI. SUMMARY AND OUTLOOK.
In this study we have evaluated one-loop radiative corrections to the dark matter-Higgs interaction in context of the Inert Doublet Model. Canonical constraints from vacuum stability, perturbative unitarity and LHC data have been taken into account. The motivation behind this work is to obtain a measure of The tree level and one-loop values are denoted by the blue and red curves respectively.
deviation from the leading order results, given that an additional doublet furnishes more bosonic degrees of freedom that can participate in a next-to-leading order analysis.
For the dark matter lighter than m W , the inert doublet cannot be fully decoupled even if the other inert scalars are taken to be heavy. This non-decoupling effect induces sizable loop corrections in the observable quantities. On the other hand, the m H > 500 GeV region witnesses comparatively small radiative shifts in λ L . This effect can be safely attributed to a by and large decoupled IDM spectrum. However, in the coannihilation region, a complete picture can only emerge if one incorporates one-loop effects to all the relevant interactions. Moreover, the radiative corrections will also affect the search prospects of a dark matter particle at the colliders, a promising channel to probe being the monojet + / E T final state. A more exhaustive study on the impact of one-loop corrections to all the relevant interactions in this scenario is presently underway.
In all, scalar dark matter models have served as popular frameworks to study interactions of dark matter with the visible world. Through the present study, we have tried to highlight the fact that these models can be made more accurate once they are augmented with relevant radiative corrections.
VII. APPENDIX
We list all the relevant 1PI amplitudes here.
A. Two-point amplitudes. 
